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ELECTRO-OqPTIC EFFECT TIT THE P--O NT-ODTTTATOP

Tai Renzhong, Lu Futun. Yuan Shuzhonqo. mian Xin',.In, and Li Bing-:
all -of Institute of Modern Optics, Nankil. TUniversity. Tianjin
30071

With tde theory of one-dimensional approximation, combined with the boundary condi-
tions, an inhomogeneoui electric field is derived from the foundamental iquations of pieozoelec-
tric effect. This inhom ogeneow electric field will lead to generation of "electric " gating" and- .... ... . . .. au ,*n

"high-order grating" can also appear owing to coupling.betw;ee.elecuc grazing" and "acou-
tic grating". Linear electro-optic effect in PESO modulator is helpful to the diffraction and
modulation of the incident light beam. The ezpez~mental results verify out conclusion.

The diffraction eff'.ciency and rodu~lation 1epth of ýh-ý 07S,•

stationary wave type acousto-optic modult-r are very high. T'iri
et a! ['I analyzed t-he ?ngle of energy production; they

discovered that this modulator, which inteCrrates transduticer and

acousto-c-ptic interaction. can utilize electric power supply at

high efficiency. In other words. the eff -ctive electro-acolistic

transformation efficiency is very high, thus promoting -i hijhIr

modulation percentage. In this case. consideration is giver. only

to the acoustic grating, not to the effect of el-ctric fie• .

Meanwhile,. when Turi et a7 determined the optimal di]f1-zctto

or'en'-atiorLs of LibTbQ crystaO A-l/Am,ARjAb, anl



/ ar:.. thtta=30 and theta=900 . Along these two
orientations. th;- electro-optic effect is restricted tcŽ the

rn :-t m:,n e'<t ent (Axs, - Ax, -- A, and Aft lAnt -Ax,-,.; A and r;(i--1,2)

are var1itlions of acousto-caused and electro-caused refract-'_itv
o'."e principel alis) Hor.iever, as research showed, this

e_'lectro-nptic effect of Y~o or Y3Co in a piezoelectric crvzal 5

not a disadvantageous factor. The constant of the accusto-ontic
grating produced by a piezoelectric-induced acoustic stationý-'r
wave is identical to the constant of the primary grating 1vec3

by the inhoinogreneoils dcistribution of electric field. R,-th

constants have a positive promoting function to diffractiw-n on

modulation of an incident light beam.

II. Theoretical Analysis

In the rectangular piezoelectric resonator as shown in

Fia. 1, there are quite a few intrinsic sound modes [2>]. When
the external driving frequency is the intrinsic frequency, an
intrinsic -lode will be set in oscillation. Generally, it is very
coMrilex to precisely solve for these intrinsic modes. Thus, for

convenience in analysis, the one-dimensional approximation theor-

[3l oF R.;.st-*.c thin sh(,et r;onator is adopted. In order to výr.

this theory to LiNbO1 crystal of Yjo, the following assuption
are nmde (all these assumptions were experimentally V tlid.t! .

l, c.rvstl w•idLh w is greater than the crystal thic,-:. I

(in experiments, w3d) 7

) saqueez!ing along the x-direction, eliminate the

pclarized shear wave fS. wave); and

-' sque ezing along the z direction for nonilluminate'i.

portin'.n.. reduce as much as possible the z polarized sh.ar ,ave
Wn.



Fig. I. Schematic Diagram
of R~~eerr cResonator

(Ma-opedLi~bO. c-rysta.-1
xyand z axes and X, Y

an cry"stal .a~o

At the same time, Turi's inve-stiaaio urhe ndcae

that the attenuation of sh;ear wave? is, much retrthan h

attenuation of the longitudinal-direct.1-on a. TIr ef'Lo e, ~i

the ,tleadv s tat e, t~he mnain e ff'ec t nn li ff rac t ion of the:ý in- i(. en~

light. beam is caused by the acous t-4 on CTiI d i n; ii1W --i

Based on the foregoing condi t ions , the y-a-.-,Ls (-an bem_

appro:,cimately considered as the dire-tion of the u-md

thiis.7 theý one-dlimensional.arxm :o can ? AdoptGed. Im nothe--r

words. -All the various related field cniuantitiies ;ire fuinct'ions rof

conradinatre v and timne t. Thu.s; th'-. teýquations cof piezor-JcT -C4

characteris tics can be sim-plifie-d, as f o1 1o ws:

T3-R - (1)'
D2 eS2 +sh A(2>

In thsý- - qua tions, Tý i strelss; ED -re.. rep-E~c-t ively, vpcr)rs.

of electric field and elec-tric charge dilsplacenent. C;. I i7 t~he

coeffiC4Lent of e~lasticitv of the m,"ediurm. in the absence of an

electric field. .si s theý dielectric coe-fficienit ofl the m-du

in theý absence of deformat-ion: e-~ is the 7ri e 7o fe1C tr C

coefficient. Strain Sý can be ,,expressed as

S3 (3)
By

in theý eanaeticn, i.,, is the' ragnitiicl; 17ýf trnl~io fnr



•in the Iedium) along the y ai:s. Newton's Second La,.; in

OTJ..nmpm:uz/8iu��,i(4>
n the equation, rho, j.-: T'he de-sity of the medium. In th1

quasi-ei.ectric field approx-imation, the electric field E. -,.,n 'o

.- pr ess r-d as B, -. •, (5)

8yV
Phi is the distribution of telectric potential in the mediur.. The

movement eauation of the electromagnetic field can take on the

fcnrm of static electric field equation nabla D=O, that is

S- 0. (6)
ley

The current densiy- of displacem.ent is

jODjiO• (7)

Eqs. (1) through (7) constitute the fundamental equations .'F

the piezoelectric effect. In the simultaneous equations (1)

through (6), we have the wave motion equation in the followiing

form

P.MU,/8, - CRE(I + ,4lCnwa) . . (8>
ey,

Th.-.- -ine solution of this wave motion equation is

S- MexP[j(w.1 - •.y)] + Nap[ij(.., + #.y)], (9)
ome.ga, is. the resonant fre-quency; On"•/v. is the acoustic

propaga1 i.on constant of -ediu.• v, is the speed of sound.

V,- c[C/p.(1 + ,rh/C8,s1)Th',
11 and N are constants to be determined; both constants are

related to the boundary conditions. From Eq. (9), in the caseýý of

limited thickness of the piezoelectric zone, two terms in the

equation shoulld exist simiiltaneously; that is, the acoustic wavw

e:ists in the form of a stationary wave. Considering that all.

field quantities vary according to ev([ics] , the time ter-m can

be neglected. Then the oscillation velocity v,(y) can be writt;:.n

~~15(Y i W,1M'sinj9.y 4+ Nfcosig.yt]. -(0



Assime tihnt the oscillation v&e1oc'iic' (of two thin Piectnl5n

~',~i~ ' ~ knew,,n then 71' * ind IV' En*te rn~~ rom -

tw(O -- - jceioN',:i

jd)- -vs An #w('~i.d + NV' Osjd]. (1

be jw.Dsjd -1, - .4, (12)

A h ctl area r f 'Il ec t -.7-4r j0D i s T:h~z- JS n"- ý~n t virr -n:

density in the piezoelectric bcndy. J. is the density ~f

condliction current in metal electrodze. Thus.. A,~ - 0 1t is ~.~

rellzted to v in the piezoelectric zone. That is

Dý=constant= fu/jw.A. (3

Fro~m simultaneous equations (1) .(2) an,1 110), 1-hroug!, (1?7'

the ele-ctric field distribut-jon and stress distribution in

P4-e7zoe-"ac+-ric -iediur' can be obtained as follows.-

- ~I 2 jc*4- ~/~p/CDI w.coj~ si'ny] (14)

TX)- -hJijw.A + C-#ho[1cs..- N'dflffd~jw*, (15)

In týh-e above-mentioned equations, ronstant. hme/sft and

elasticfity coeffic-ient (of pie-.oelectric m-edium) COnCA(1+4/C8f131)

are nr~dcd

Co-nsidering tihfe f-n!..lcw-ing conditi.n_ i~n hr'xnrie t

thin shaet resonator iS air loading, ý-nd thc-- met:il c.t~

layer i.5 -Lnf-*init,-ly 1-hin (thickness d-ed), t hiýr,=for;~

T3(0) -T2(d) -0,v (16)

V1 - 2 U U9 (17)

In ;'Lnultanecus equations (1) through (2) inc2 (1.1) throiigh) (177

the timoe terns ar-3 n1Bcvd !: 11rr~cn ~e nie rh anica("-.

electric coupling f actor le- e/(Cs, * 61j), f 1naJly, thr? cls~i~t~;)s

of elmcl-ric wid acouistic fi14.,!ýS in res--ýnriior '-vity are



Es (I+ e)/fl an&'-ow[#.(d/2Y)1} ()
&dfa~a 2

2

SACY) -, . 04p(dI2 -). (19)
2

Thus. it 4 -ieppzir,-:n, thný the -icoustic wave field 'and
strain field) in the piezoelectric resonator cavity existi n .-

o- a ;ta-ionary wave. Th,- electric field can be divid.:-'

into two portions: the first tern is the homogeneous-field ,iK-

only v-iying polarization -)F incident light without producr.I.-

diffraction effect; the other term is the inhomogeneous por:tcun.

The result of the el•--ctro-optic effect will lead to an

inhomogeneous refraction index in space, thus producing electric

grating to cause the incident light to undergo diffraction., r'nri

producing the sane effect as the acousto-optic grating.

Because of the .!;iultaneous existence of the acousto-Optic

grating and electro-optic grating in resonant crystals, a

coupling *-ffect will certainly occur. This coupling effect can

be considered thhrough a si4-ple iterative method. From the

vhe..lasti,: fef fect -e know
Pas*- (20)

P~n. t h-gtelstic sensor. S -.s strain. With respect to

_ncidernt licrht beam r.v_ :-" polal-ization, from two equations !

and 100 the -q.iati;, • ,. :f ction index caused by tbe

r- o 1t~ staticnary wave is

A no e V co, [,e. (d/2 -- y)
2 & (21)

2

Tr- ;A..-t te ztion, n, .i Ashe 'hcficjni-tude of refractive index -of
in•..-r," tight in tho -C-srice of an electric field and in

aco,1.ist.g- :Zld .. d e:itir, g. in the crystal. Thuis, the distvibý '.lt-n

I f, 4-.t,-1 -ne"'n ,.he medium caused by the aceI.s.z' ---

". ",(Y) +A -no - -nPu 'c[#.(d2- y)],
2 (22)

2



Tn t% azui~ti,ýnI/3I * With (-,i~~tirn, in the

giv.-~r the~ no -t- on of inoc-n>: I,. aic~~~ii

secormd ýEý.rm of the r4-ght sile, we ob tin~ht- f o'qir rm- h1g

(-L) (23)

IN' is the primary dBecl-c--ont-ic oth-crystc.-;

Consideri na that the inci'l.ent li-ght- is i.n t'ara.i.

ob~ n the f oll ouing a ft'-er f ur t he-r r4.'Lfe r en 'L,-) <.n

AnXW .ý -L ' (24)
2

Becamuse of the existence of the _ kit~-opi -- .- ,, ýt thi:

tir-2 a; is not a. First . primary itr-:rat:.on is used; let ivt

appro,-imately eql...l to x,(y). Subst-itut;L Eq. (22') intc) the z~

eqnat ic-n; by ret.-ii-jnin the 5-irstt- t.,ýrmns ofthe' 1 (j

development equation, we obztain th. ,.? tor of Th-; rf r a ct

index caused by the .et-otcfet

Amin O~U,- cos ?m(d 2 y)]I

22

+~~ xru o[#(d/2 -Y)LJ

&dzz~n (25)
2

At t:hat, tame, the dist-ribut-ion of th( .:-fctv irIe n

X; - as + AiI13 + Axs (26)

applying -C 1,t o a ga in i nsc-r t F-r. (2 E to Eq.().

Ob-In the -riore 9r::c-r vari~atl-on )f r f - iv d cme

the electro-aptic effect.

2



7a v.Pa±r)+ 'cs(2#.(d/2 - Y)

2

32 el'tsn d0 (27)
2.

TIT. Thieoretical Computation and Analysis of Experimental elt

I1. F-rom Eq. (27) , we can see the following: because'- .-f the

coupling between the acoustic grating and the electric grating,

the resu~lt of the primary ele-ctro-optic effect leads to the

production of the primary grating (i.e. , grating constant l-x~)

and pr-nduction of secondary gjrating.

and tertiary grating ( ), that is, the two last ter*.is at

the right:-hand side of Eq. (27). Comparing Eqs. (27) and (21):

the constant of primary grating is the same as the constant of

acoustic grating: both constants are j,-2w1s9P. Therefore, the

equivalent- acoustic grating can be used in the illustration a:is

seen front the -ýoJlowi ng relation.

+ rn .Ap 'u _cos[fl.(d/2-)),(8

2.
In the equation, P'U - Pu+ 'r~e./gf1  is called the equivalen.,it

photoelasticity coefficient. After inserting various p-iaramEters:

of LiD~bO, crystal, we obtain P1,,oO.ii From readily availabthl

texý-ts on piezoelectricity, pU 0.072. It is apparent that th,-

result of the electro-optic effect resembles increasing thie

pho,.tc3-!la!st-ic4ty coefficient. This also explai.ns the reascrn Why

the diffraction efficiency of the PESO acousto-optic modulator ',~

somewhat due to the acousto-optic effect. Fig. 2 show~s a

diffraction diagram of He-Ne6328A spectral lines with the- PEISC

~iiso-rt~c oduilator (Mg-doped LiNbO, crystal) .In



expriments,, the ' 11. levrl is shown but the driving 9','7 T5

(nl.v I watt, thus accounting for the high diffraction efci-cy.

Fig. 2. H,-NeM32sA Raman-Math
DiffractiOn Diagram

. w"•w -8MHZ

2. When the driving power is increased, the secondary and

tertiary gratings will also have certain function. The seconrl-arv

grating cones from the coupling of electro-acoustic grating, and

also from consideration of the secondary electro-optic effect of

the crystal
A - ,,tt~a,(29)

In the equation, Rij4t is the secondary electro-optic coefficient.

After insertion into Eq. (18), the variation of refractive inie9:

cause-d by the secondary electro-optic effect is obtained.

An --- L REI

2

-A + Bos[fl.(d/2 -- )3 + Ccos[2.(d/2 -(y), 30)

A, B and C are constants not related to coordinate y and time t.

We can see that the ;esult of the secondary electro-optic effect

is also the production of the secondary grating. From th:• Ra-,an-

Math diffraction angle, wr know

mi3n- .,,/ (m 0, 1,2,.-) (31)



In the equation, 4 is the wav 7-l, th-t__ )f incident light I, IS the
grating constant. Thus, the diffraction angle of three .y- s of

gr:-ti ng can be obtained as follows

s•nO -m2 4/1/3  (pri:ary grating)

sin" -2m4.,/3, (secondary grating,

si x'A.i 3m /4A, (terti.arv orat ng)
012 - (32)

Thus, the first-order diffracted light of the secondary grating

is second-order diffracted light of the primary grating.:

However, the first-order diffracted light of the tertiarly gratin

is the third-order diffracted light of the primary grating. in

other words, diffraction light spots emitted from the PESO

modulator7 is the result of superimposing three types of grating

diffractions. The spacing of the diffraction spots for theý

secondary grating is twice the spicing of diffraction spots for

the primary grating; it is threefold, in the case of the tertiarv

grating. The function of the secondary grating is to increase

the diffraction energy of the second, fourth, and so on orders:

the function of the tertiary grating is to increase the

diffraction energy of the third, sixth, and so on orders. Thu.1,

it can be expected that the function of multiple types of

greetings will, lead to greater relative intensity for the second-

and third-order diffracted light over the relative intensity of

the second and third-order diffracted light of "pure sound an91

light" Raman-Math diffraction. Fig. 3 shows a diffra,:tion

diagram with a power supply of approximaly .. .2 watts. We ,an see

that result of diffraction for three types of grating :.s to havM

very similar light intensities of- the three previous orders. Of

course, further higher grating orders e-ist in crystals; this can

be obtained from the third iteration to even higher-order

iteration; however, their function is much more powerful than the-

three previous grating orders. Fig. 4 shows an experimental

curve of reJlative intensities of various levels of diffraction

light. For easy comparison, the relative intensity curve of
various orders of Raman-Math diffract 4 on light for pure acoustic

10



light was plotted, as shown by the dotted curve in Fig. 4. Both

curves (solid and dotted curves) have apparent deviation; the

solid curve is located higher than dotted curve, thus verif,2ing

the above-mentioned conclusion.

100!00-
140

I I I I

01 2 34 56? w
Pz 1=2W, Hs-?4 63281

Fig. 3. Fig. 4. Theoretical and
Diffraction Diagram Experimental Curves of Relative

V- -80MH, Intensities of Various Orders
Raman-Math Diffracted Light

The paper was received for publication on 24 June 1991.

REFERENCES

(1 ] L. Turi e t1.. IjESE. j. QUeusom Elerpo. Q" (1"). 1254.

(21 B. A. Auld. Acoustic Field. sad Waves is Solids. New Tork. Wiley-latersieoee. (1975),

(31 V. 1d. jstir.. Printiples ad A"ustig Device. New Tork, Wiley. (I9M),



DISTRIL)TION LIST

DISTRIBUTION DIRECT TO RECIPIENT

ORGANIZATION MICROFICiE

B085 DIA/RIS-2F1 1
C509 BALLOC509 BALLISTIC RES LAB 1
C510 R&T LABS/AVEADCCM 1
C513 APRADCOM 1
C535 AVRADCtM/TSARCCM 1
C539 TRASANA 1
Q592 FSTC 4
Q619 MIC REDSTONE 1
Qoo8 NrIC 1
Q043 AFMIC-IS 1
E051 HQ USAF/INET 1
E404 AEDC/DOF 1
E408 AFWL 1
E410 AFDIC/IN 1
E429 SD/IND 1
P005 DOE/ISA/DDI 1
P050 CIA/0R/iADDi'SD 2
1051 AFIT/LDE 1
P090 NSA/CDB 1
2206 FSL 1

Microfiche Nbr: FMD94C000467L
NAO-ID (RS) T-0395-94


